Bone marrow stromal cells are critical regulators of hematopoiesis. Osteoblasts are part of the stromal cell support system in bone marrow and may be derived from a common precursor. Several studies suggested that osteoblasts regulate hematopoiesis, yet the entire mechanism is not understood. It is clear, however, that both hematopoietic precursors and osteoblasts interact for the production of osteoclasts and the activation of resorption. We observed that hematopoietic stem cells (HSCs) regulate osteoblastic secretion of various growth factors, and that osteoblasts express some soluble factors exclusively in the presence of HSCs. Osteoblasts and hematopoietic cells are closely associated with each other in the bone marrow, suggesting a reciprocal relationship between them to develop the HSC niche. One critical component regulating the niche is stromal-derived factor-1 (SDF-1) and its receptor CXCR4 which regulates stem cell homing and, as we have recently demonstrated, plays a crucial role in facilitating those tumors which metastasize to bone. Osteoblasts produce abundant amounts of SDF-1 and therefore osteoblasts play an important role in metastasis. These findings are discussed in the context of the role of osteoblasts in marrow function in health and disease.
Osteoblast-hematopoietic stem cell interactions
In adults, the bone marrow is the sole microenvironment that supports all activities of normal hematopoiesis. Hematopoietic stem cells (HSCs) home to the bone marrow during development and transplantation, where maintenance of pluripotency and maturation is facilitated (1) . Both of these activities require different growth factors and cellular contexts. Bone marrow stromal cells are comprised of different cellular populations including fibroblasts, endothelial and reticular cells, adipocytes and osteoblasts which serve as a rich source of growth factors. At present, it is difficult to discern the relative importance of each of these populations in hematopoiesis. However, most evidence points to an important functional dialogue between HSCs and bone stromal cells (2, 3) . HSCs and stromal cells collaborate to produce the extracellular bone marrow matrix, in which cytokine synthesis results in the formation of various blood cells (4) (5) (6) .
In the marrow, HSC are in close proximity to endosteal bone surfaces rather than being randomly distributed throughout the marrow cavity (7, 8) . These observations and the recent demonstrations that HSCs lodge near endosteal surfaces during bone marrow engraftment (9, 10) suggest that the resident cells are critical regulators of stem cell trafficking. Mature osteoblasts are found on endosteal surfaces and share several phenotypic characteristics with the hematopoieticsupportive stromal cell lines (1, (11) (12) (13) . Osteoblasts are cells of mesenchymal origin that are primarily responsible for the formation of a calcified extracellular matrix. In mammals, osteoblast-derived matrices serve several essential functions: support for locomotion, reservoir for essential minerals, and housing to protect vital organs from injury.
Previous investigations have shown that in order to survive, in the absence of exogenous cytokines, hematopoietic progenitors and long-term culture-initiating cells (LTC-IC) must be co-cultured with stromal cells (14) . We have observed that osteoblasts can support progenitor and LTC-IC activity (12, 15, 16) and facilitate engraftment across HLA boundaries (17) . Moreover, we have demonstrated that proximity of CD34 + bone marrow cells to osteoblasts induces the synthesis of several cytokines by osteoblasts (6, 18) . However, progenitor cells and LTC-IC survival on osteoblasts requires direct cell-cell contact, despite the elaboration of soluble cytokines, which are necessary but not sufficient for the maintenance of hematopoietic cells on osteoblasts. This suggests that direct cell-cell contact of HSCs on osteoblasts is critical to ensure HSC survival.
We have also observed that HSCs regulate osteoblastic secretion of IL-6, MIP-1α, and other factors, possibly directing the formation of a suitable microenvironment for HSC engraftment (19) . Osteoblasts also express soluble factors that cannot be detected in the absence of HSCs, again possibly to keep HSCs quiescent (19) . The data strongly suggest that osteoblasts are intimately involved in regulating hematopoietic cell proliferation and survival in vitro. The fact that osteoblasts and hematopoietic cells are closely associated with each other in the bone marrow indicates that osteoblasts may modulate normal hematopoiesis in vivo. These findings strongly suggest a reciprocal relationship between osteoblasts and hematopoietic cells, but the dimension of these interactions has yet to be defined.
Recently, several groups reported the identification of a hematopoietic stem cell niche (20) (21) (22) . These reports suggested that osteoblasts are critical regulators of hematopoiesis (23). Zhang et al. (20) , using mice with a conditional inactivation of bone morphogenic protein (BMP) receptor type IA demonstrated that nearly twice the number of HSCs relative to wild-type mice were present in the marrow. Co-localization analyses or the distribution of the N-cadherin + osteoblastic cells revealed a similar distribution pattern of HSCs, where N-cadherin was asymmetrically localized to the cell surface of HSCs. By over-expressing a constitutively active parathyroid hormone receptor, Calvi et al. (21) observed an increased number of HSCs in the marrow. In this case, Notch-1 signaling in HSCs matched closely with Jagged-1 receptors on osteoblasts. Moreover, treatment of normal animals with an anabolic regime of parathyroid hormone similarly expanded the HSC population in the marrows, possibly due to an expansion of osteoblast precursors. A third group implicated Tie2 in the development of the stem cell niche. This study built on the finding that Tie1 and Tie2 receptors are not required for fetal hematopoiesis nor for the emergence of definitive HSCs but are required to home to the bone marrow (24) . Arai et al. (22) demonstrated that Ang-1 expressed by osteo-blasts activates Tie2 on the stem cells and promotes tight adhesion of stem cells to their niche. Presumably this adhesion results in HSC quiescence and survival, with consequent stem cells' maintenance and self-renewal.
Other studies suggest a role for osteoblasts in immunoregulation and HSC transplantation. Lineage-depleted hematopoietic progenitor cells may engraft within, but not across the MHC antigen barriers. El-Badri et al. (17) demonstrated that using osteoblasts in a transplant graft may facilitate HSC engraftment between mouse strains. Transplanted mice were free of disease and fully reconstituted. Thus, osteoblasts may represent an essential component of the stromal cell population that facilitates engraftment of marrow stem cells in an allogenic environment. Significant success in the ability to replace the bone marrow stromal cell component in 5 patients suffering from different life-threatening diseases was recently demonstrated. A heterogeneous transplantation approach was used, comprised of transplanting bone fragments placed both intraperitoneally and directly into bone along with cultured osteoblast-like cells and fully matched marrow grafts (25, 26) . This method of using transplantation of bone fragments and cultured stromal cells from bone has made possible successful engraftment of donor stem cell/stromal cells. Yet how osteoblasts facilitate these events is not clear. Older data show that osteoblasts may present antigens (27) and, based upon their phenotype, may even function as dendritic cells (28) . Clearly understanding their role in transplantation is becoming increasingly important for a number of clinical settings including HSC transplantation.
Stromal-derived factor-1 (SDF-1 or CXCL12) and CXCR4 in tumor metastasis
One protein that is likely to be particularly important in osteoblast-HSC interactions is SDF-1 or CXCL12. The chemokine SDF-1 and its receptor CXCR4 play a role in B-cell lymphopoiesis and myelopoiesis and SDF-1 acts as a chemotactic factor for Tcells and monocytes. SDF-1 is produced by bone marrow stromal cells also in the absence of stimuli generated by viral or bacterial infections, suggesting a major role for SDF-1 in steady-state homeostatic processes such as the control of leukocyte trafficking and retention of hematopoietic stem and progenitor cells within the bone marrow. SDF-1 has also been identified as a powerful chemoattractant for immature and mature hematopoietic cells of several lineages (29) (30) (31) . Gene deletion of SDF-1 or CXCR4 results in normal fetal liver hematopoiesis, but marrow engraftment by hematopoietic cells is not observed (32) (33) (34) . In addition, overexpression of CXCR4 by human hematopoietic progenitor cells and other blood cells enhances, whereas anti-CXCR4 antibodies inhibit, marrow engraftment in nude mice (34) .
Typical of molecules that regulate cell trafficking, SDF-1 and its receptor have dynamic and complementary expression patterns during organogenesis (35) . We have recently demonstrated that osteoblasts and marrow endothelial cells express SDF-1 to localize human hematopoietic progenitor cells into the marrow (34, 36, 37) . In the bone marrow SDF-1 is constitutively produced by osteoblasts, fibroblasts and endothelial cells. Osteoblast-produced SDF-1 may be a mechanism for the selective attraction of circulating osteoclast precursors into bone and their migration within marrow to appropriate perivascular stromal sites for RANKL differentiation into restorative osteoclasts (38, 39) . Since the formation of the marrow required the coordinated action of osteoblasts and osteoclastic precursors, the absence of osteoblasts producing SDF-1 or hematopoietic cells expressing CXCR4 could limit osteoclastic and subsequent HSC recruitment into the marrow cavity. Thus, SDF-1 and CXCR4 represent at least one of the critical determinants for bone marrow homing by hematopoietic cells.
Many cancers have a predisposition to metastasize to bone, including prostate and breast cancer, resulting in significant morbidity and mortality. However, what defines the molecular and cellular predilection for these tumors to metastasize to bone is not understood. Multiple factors are involved in the development of tumor in bone marrow, including the acquisition of metastatic abilities by the cancer cell, chemotactic responses to bone-derived factors, preferential adhesion to bone marrow endothelium, and the interaction of cancer cells with the bone microenvironment.
One prerequisite for molecules involved in the metastasis of tumor cells is their expression in endothelial cells of the target organ, since before invasion tumor cells must first attach to the endothelial cells of vessels in specific organs. SDF-1 expression has been confirmed in endothelial cells of human arterioles and arteries from lung, liver and bone marrow (40) . Moreover, SDF-1 may have autocrine-like effects to promote matrix-dependent endothelial tube formation and vascularization during organogenesis (41, 42) . These results suggest that the SDF-1/CXCR4 axis plays a role in angiogenesis, and the endothelial-derived SDF-1 functions as a stimulating agent for tumor cells that express the CXCR4 receptor.
We have demonstrated that the SDF-1/ CXCR4 chemokine axis is activated in prostate cancer (CaP) metastasis to bone (19) . Specifically, CXCR4 expression is related to increasing CaP grade (43) . Moreover, we have demonstrated that SDF-1 signaling through CXCR4 triggers the adhesion of CaPs to bone marrow endothelial cells. Similar demonstrations have also been made suggesting that the SDF-1/CXCR4 axis may play parallel roles in other tumors that also metastasize to the marrow (44) . Furthermore, antibody to CXCR4 blocks the metastatic spread of the tumors to the lung and lymph nodes (45) . Thus, for the last several years our laboratory has focused on delineating the role of SDF-1/CXCR4 receptor in CaP disease. Recently, we performed two independent studies. First, to establish a positive correlation between SDF-1 gene and protein expression with tumor metastasis, SDF-1 levels were characterized for a variety of murine tissues by ELISA and in situ hybridization (45) . The role of CXCR4 in metastasis of CaP to bone was examined in an in vivo metastasis model. In this model, neutralizing antibody to CXCR4 limited the extent of bone metastases. Finally, antibody and blocking peptide to CXCR4 limited the growth of intraosseous CaPs following CaP cell intratibial injections (45) . Taken together, these in vivo metastasis data provide critical support for a role of SDF-1/CXCR4 in skeletal metastasis. Most importantly, these novel data demonstrate that SDF-1/CXCR4 participates in localizing tumors to the bone marrow in prostate cancer and may help in the design of therapeutic treatments to prevent the spread and growth of metastasis.
Despite the significant voids in our knowledge, there are good reasons to suspect that osteoblast-derived factors play a central role in hematopoietic development in vivo and now in tumor metastasis. In the marrow, osteoblasts are in a biologically relevant site to transmit information to the developing hematopoietic lineages. Moreover, osteoblasts produce factors that influence blood cell development. Identification of osteoblast function regarding hematopoiesis, being they restrictive and/or stimulatory, will yield significant insights into the functional relationships of this complex tissue. These findings may be useful to re-engineer the marrow organ in patients with myeloproliferative disorders. By further exploring the SDF-1/CXCR4 axis, we believe that new therapeutic strategies will emerge to block tumor metastasis and to modulate the trafficking of hematopoietic cells.
